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Abstract 
The size of air-inlets in fire scene influences the air entrainment, and the power of air entrainment has an obvious effect on the formation 
and the combustion characteristic of fire whirls. In order to study the air-inlet influence on fire whirl combustion characteristic, the 
experiment in this work used the fire whirl generator with six free-setting horizontal openings to simulate different size of air-inlets in fire 
scene. The results show that the forming time of fire whirls decreases firstly and increases afterward with the increase of air-inlet width, 
and accordingly the intensity and stability increase firstly and then decrease. When the air-inlet widths are 20~30 cm, the fire whirls 
intensity and stability is superior to others, the forming time is the shortest and the lasting time is the longest. In addition, this paper 
explains preliminarily the reason for the influence that air-inlet width makes on fire whirls combustion characteristic. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction 
     The fire whirl is a kind of special fire behaviors, which often occurs in forest and prairie fires, occasionally in the low-
intensity incineration and city building fires [1]. The actual fire whirls will form strong convective phenomenon similar to 
tornado [2], suddenly change the motion mode of flame and improve the combustion temperature and flame height greatly. 
The appearance of fire whirls threatens the firefighters’ lives seriously. What's more, the strong spiral updraft of fire whirls 
may carry lots of burning debris dispersed to the place far away from the fire scene and form new fire sources, which will 
cause further deterioration of fire situation, the more difficulties in fighting the fire, more casualties and property losses. 
Therefore, the in-depth study of fire whirls combustion characteristic in various conditions, including the formation, 
intensity and stability, will be very important and practically significant. 
     Aiming at the rotational flames, the study started in the 1960s by Emmons and Ying [3]. They placed the oil pan in a 
drum with an air-inlet opened on it and controlled the rotational speed of the drum to produce fire whirls, in order to study 
the changes on fire plume temperatures and ratios of height to diameter in different rotation momentums. Otherwise, Satoh 
and Yang [4-7] used the gaps left by combination of four hoardings to produce fire whirls, studied the small-scale buoyant 
whirlwind flame. Chuah [8, 9] observed a series of small-scale fire whirls and found that the average heat exchange rate is 
the function of vortex core radius. Qin et al. [10, 11] studied the extinguishment of fire whirlwind by water mist and found 
that when the flame interact with water mist, under the same mist flux condition, the fire whirls can be put out while the 
pool fire cannot. Xia and Wu [12], and Xia and Wang [13-16] used a rectangular glass bell jar with four openings on the 
corner to make flame rotate, so as to study the relationship of the flame rotating speed and the combustion temperature. 
Yang et al. [17] and Wu et al. [18] used the vertical square channel generator with one lateral seam in the side and small 
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openings at the bottoms to study the distribution law of the center axis temperature and the axial velocity of the fire whirls. 
At present, the previous researches mainly focused on the self-rotation and combustion characteristic of the fire whirls, but 
there are almost no reports on the influence of air-inlet size on the fire whirls combustion characteristic. However, in the 
actual forest and city building fires, air-inlet size influences the involved air which has a significant effect on the formation, 
intensity and stability of the fire whirls. Therefore, the fire whirl generator, simulating the different size of air-inlet in real 
fire scene by adjusting six free-setting openings, was designed so as to study the influence that the air-inlet width makes on 
the combustion characteristic of fire whirls.  
2. Experimental apparatus  
In order to study the influence of the air-inlet width on the combustion characteristic of fire whirls, the fire whirl 
generator with six free-setting horizontal openings is designed, as shown in Fig. 1(a). The major structure of the generator is 
a regular hexahedron frame, and the size of each side is 200cm×100 cm. Channel is fixed on each horizontal brim of the 
regular hexahedron frame so as to fix and move the tempered glass door which is the same size as each side of the regular 
hexahedron frame. All the edges of glass door are equipped with stainless plates. The top and bottom of the glass door are 
equipped with pulleys, making the glass doors move easily in the channels. The oil pan is square, the size is 20 cm×20 
cm×5 cm, placed in the middle of the generator. A collection smoke cover is placed 20 cm above the generator which is 
used to exclude the burning gas. K-type armoured thermocouples ( 2 mm) are used to measure temperatures on the center 
axial of fire whirls,  the arrangement and quantity of the thermocouples are shown in Fig. 1(b). Experimental fuel is 93# 
gasoline, each dosage is 200 g. Experiment included 8 tests in different air-inlet width, viz 10 cm, 15 cm, 20 cm, 25 cm, 30 
cm, 35 cm, 40 cm, 45 cm respectively, and all the air-inlet widths keep consistent in each test. All the tests have been 
finished in a sealed room in order to avoid the interference of surrounding inflow. 
(a) (b)  
Fig. 1. (a) The fire whirl generator with six free-setting horizontal openings. (b) The arrangement and quantity of thermocouples. A, B, C, D, E are 
thermocouples at different heights. 
3. Results and analysis 
3.1. Flame temperature and structure  
     By using the generator to study the combustion characteristic of fire whirls, the center axis temperatures of flame were 
measured, as shown in Fig. 2, and the flame structure in each test was recorded, as shown in Fig. 3. The height of formed 
fire whirls ranges from 80 cm to 150 cm, while the height of ordinary poor fire ranges from 25 cm to 50 cm. 
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Fig. 2. Different heights of temperature on flame center axis at the air-inlet width of (a) 10 cm (b) 15 cm (c) 20 cm (d) 25 cm (e) 30 cm (f) 35 cm (g) 40 cm 
(h) 45 cm. 
 
Fig. 3. Flame structures in different widths of air-inlet. From left to right is the flame respectively at the air-inlet width of 10 cm, 15 cm, 20 cm, 25 cm, 30 
cm, 35 cm, 40 cm, 45 cm. 
According to the variation trends of temperature in Fig. 2 and different flame structures in Fig. 3, the 8 tests can be 
divided in 5 cases as follow. 
 When the air-inlet widths are 10 cm and 15 cm, the flames don't form fire whirls, as shown in Fig. 3, and the flame 
structure is pool fire. Figs. 2(a)~(b) show that, when flame does not form fire whirl, maximum temperature is stable 
around 250 °C and temperature waves gently in overall. 
 When the air-inlet width is 20 cm, the flame runs around the center axis of the oil pan with a certain angle and then 
transforms into a stable fire whirl gradually, as shown in Fig. 3. Fig. 2(c) indicates that, the flame temperature is low 
and stable before 108 s, and it's similar to the temperature of pool fire. After the formation of fire whirl, flame 
10cm 15cm 20cm 25cm 30cm 40cm 35cm 45cm 
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temperatures increase sharply from 108 s to 138 s, then keep stable from 138 s to 152 s. At this time, the temperatures 
measured by the four thermocouples ranging from 25~85 cm in height are very close, all of them keep near 450 °C, the 
maximum temperature reaches 476 °C. 
 When the air-inlet widths are 25 cm and 30 cm, flames transforms to fire whirls quickly and the formed fire whirls are 
intense, manifested by the high brightness, high ratio of height to diameter, high rotational speed and large rotation 
region, as shown in Fig. 3. It can be seen from Figs. 2(d)~(e) that flame temperatures reach 450 °C before 50 s and then 
keep increasing. Temperature in the area from 25~85 cm on the flame center axis reaches 600 °C, the maximum 
temperature reaches 755 °C and 783 °C respectively. Otherwise, the maximum temperature measured by the 
thermocouple E at 105 cm height is 485 °C, manifesting that the heights of fire whirls are higher than other tests. 
 When the air-inlet width is 35 cm, as shown in Fig. 3, the flame keeps pool fire form for a period of time and then 
transforms into fire whirl gradually. As shown in Fig. 2.(f), the temperature increases slowly before 79 s and then rises 
sharply from 80 s to 103 s. The general temperature trend is similar to the test in the air-inlet width of 20 cm. The 
maximum temperature is 634 °C. 
 When the air-inlet width is 40 cm, the formed fire whirl is very weak. It can be manifested by the low brightness, low 
ratio of height to diameter, low rotation speed and small rotation region as shown in Fig. 3. When the air-inlet width is 
45 cm, the occurrence of fire whirl is intermittent and the duration is short. Figs. 2(g)~(h) show that the maximum 
temperature is 577 °C and 455 °C respectively. Otherwise, the difference of the temperature is great between different 
heights on the flame center axis, which explains why the height and intensity of the fire whirls are low. 
Based on the above-mentioned cases, it can be found that, with the increase of the air-inlet width, flames are not 
transformed into fire whirls and keep pool fire form in the air-inlet width of 10~15 cm; when the air-inlet width turns up to 
20 cm, the flame starts to develop into fire whirl but the intensity is low; when the air-inlet width turns up to 25 cm and 30 
cm, the flames transform to fire whirls soon after ignition and the intensity is high; at the air-inlet width of 35 cm, the 
intensity of fire whirl decreases; when the air-inlet width turns up to 40 cm and 45 cm, the fire whirls are very weak and 
unstable. It's remarkable that the flames with the air-inlet width of 40 cm and 45 cm have some marginal behaviour, the 
involved air can't form stable rotational flow, it's chaotic and turbulent in the generator and the flames sway with the flow, 
so the intensity of combustion has waxed and waned and the temperatures in Figs. 2(g)~(h) fluctuate accordingly. 
3.2. Fire whirls forming time and lasting time  
It's found that at the moment when fire whirls begin to form, the flame temperature will rise sharply. It can be used to 
determine the formation time of fire whirls. Stable fire whirls form in the air-inlet width of 25~40 cm, therefore, for these 
stable fire whirls, the result that the total combusting time subtracts the fire whirls forming time is the fire whirl lasting time. 
The fire whirl forming time and lasting time are shown in Table 1.  
Table 1. The total combustion time, fire whirl forming and lasting time 
Air-inlet width (cm) Total combustion time (s) Fire whirl forming time (s) Fire whirl lasting time (s) 
20 168 104 64 
25 153 26 127 
30 169 33 126 
35 179 77 102 
40 200 80 120 
 
Figure 4 is drawn according to the fire whirls forming time and lasting time. As shown in Fig. 4, with the increase of the 
air-inlet width, the fire whirls forming time firstly decreases and then increases, while the lasting time floats oppositely. 
Because the fire whirl in the air-inlet width of 40 cm is so weak that the total combustion time of the fuel is too long, its 
lasting time is unusual. 
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Fig. 4. Fire whirls forming time and lasting time curves. 
4.  Discussion 
4.1. Analysis of the influence of air-inlet width on the fire whirls center-axis temperature 
Figure 5 shows the temperatures measured by five thermocouples in different widths of air-inlet. As shown in Fig. 5, the 
temperatures measured by the three thermocouples at the height of 25 cm, 45 cm and 105 cm are similar because at those 
height flames have no significant differences between poor fire and fire whirl. In contrast, the temperatures measured by 
the two thermocouples at the height of 85 cm and 105 cm are stratified. Fig. 5 manifests that although fire whirl is a special 
form of combustion which is different from ordinary fire, the temperatures of the fire whirls formed in different condition 
are different. In addition, the temperatures at different height of the same fire whirl are not the same. 
According to the temperature, the eight tests at different air-inlet width can be divided to 4 groups. Firstly, at the air-inlet 
width of 25 cm and 30 cm, the combustion temperatures are the highest, and the formed fire whirls are stable and intense. 
Secondly, the combustion temperatures at the air-inlet widths of 20 cm and 35 cm are lower. Thirdly, when the air-inlet 
width is 40 cm and 45 cm, the formed fire whirls are weak and unstable. At last, the combustion temperatures at the air-inlet 
width of 10 cm and 15 cm are the lowest, the combustion belongs to pool fire and the flames haven't transformed into fire 
whirls. 
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Fig. 5. Flame temperatures measured by thermocouples at the height of (a) 25 cm, (b) 45 cm, (c) 65 cm, (d) 85 cm, (e) 105 cm. 
The differences of temperature in different air-inlet widths are caused by the different flame structures, which are the 
818   Hanyuan Yu et al. /  Procedia Engineering  62 ( 2013 )  813 – 820 
 
result of different air flows in the generator. The volume flow of burning entrainment is constant in different air-inlet 
widths. When the area of air-inlet is too small, the flow velocity of entrainment is fast, but rotating flow is confined to the 
internal fringe of the generator. The layer by layer inward propagation of rotating flow needs to overcome viscous friction, 
there is no rotating flow formed in the middle of the generator, right above the oil pan, as shown in Fig. 6(a), so the flames 
can’t form fire whirls. With the increase of air-inlet, the rotating flow extends toward to the center of the generator. When it 
reaches the flame surface, the flame begins to rotate and transform to fire whirl. When the generator is filled with rotating 
flow, as shown in Fig. 6(b), the rotational speed and the fire whirl intensity is the highest. As shown in Fig. 6(c), when the 
air-inlet width is too large, the flow velocity of entrainment is low. Although the rotary airflow can reach the flame, but due 
to the low velocity of the rotating flow, the formed fire whirls are weak, even instable. 
oil pan
 
                                                            (a)                                                  (b)                                                    (c) 
Fig. 6. The air flow in generator in (a) too small air-inlet width, (b) moderate air-inlet width, (c) too large air-inlet width. 
4.2. The evolution process of fire whirls and the influences of air-inlet width on fire whirls stability. 
Figure 2 indicates that the temperatures in different widths of air-inlet all experience the process that firstly rise slowly, 
secondly rise shapely, thirdly wave gently and lastly descend until extinguishment. Combined with theory, the evolution of 
fire whirls can be divided to four stages, respectively is the Forming Stage, Developing Stage, Stable Stage and Decaying 
Stage in sequence. 
In the fire whirls Forming Stage, combustion consumes oxygen and produces a low pressure region, which will cause 
relative motion of the air around and form flow field. The generator leads the flow field rotating, then flames rotate 
following the rotational air flow and begin to transforming into fire whirls. After that, combustion gets into the fire whirls 
Developing Stage. During the formation of fire whirls, the power of horizontal entrainment enhances greatly, more oxygen 
is sucked up to support the combustion, leading to the shapely increased temperature. The increase of flame temperature 
rises the temperature difference between thermal plume and circumstance air, and gives the flow a higher vertical upward 
velocity, which will lead to the decrease of pressure, and then increase the power of horizontal entrainment in return. It is a 
virtuous cycle which will make fire whirls intensity increase rapidly. Then fire whirls turn into the Stable Stage, because of 
the limit of maximum combustion rate, the virtuous cycle makes fire whirls temperature, height and rotational speed reach 
maximum and then keep stable. Finally, fire whirls get into the Decaying Stage, the flame temperature, rotational speed and 
height decrease gradually with fuel consuming, the intensity of fire whirls decrease until extinguishment. 
According to the different characteristics of fire whirls in each stage, the lasting time in each stage can be identified, as 
shown in Table 2. It is found that the most intensive rotational region of fire whirls is about 45 cm above the ground, where 
the fire whirls characteristic is most noticeable. Therefore, the temperature measured by B thermocouple is selected to gain 
an average temperature rising rate of fire whirls in all stages, as shown in Table 3. From Table 3 we can see that, the 
temperature rising rates of fire whirls in the Forming Stage are small positives. In the Developing Stage, the temperature 
rising rate of fire whirls increase rapidly, and then maintain around 0 °C/s in the Stable Stage, while in the Decaying Stage 
temperature rising rates are negative. 
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 Table 2. Lasting time in different stages 
Air-inlet width (cm) Forming stage (s) Developing stage (s) Stable stage (s) Decaying stage (s) 
20 104 30 16 18 
25 26 8 92 22 
30 33 16 83 32 
35 77 14 50 38 
40 80 11 92 25 
 
Table 3 Temperature rising rate in different stages 
Air-inlet width (cm) Forming stage (°C/s) Developing stage (°C/s) Stable stage (°C/s) Decaying stage (°C/s) 
20 0.74 10.94 -0.19 -9.72 
25 2.86 39.43 2.14 -7.68 
30 5.79 24.82 2.58 -8.99 
35 1.78 20.03 1.51 -6.03 
40 3.48 21.20 -0.52 -6.62 
 
For a combustion, the Forming Stage is the induction period of fire whirls, or can be regarded as the formation period of 
rotational flow, actually there are no fire whirls formed. Fire whirls appear from Developing Stage to Decaying Stage, so the 
Developing Stage, Stable Stage and Decaying Stage can be defined as Fire Whirlwind Process. The time ratio that the 
Stable Stage of the fire whirls occupies in the Fire Whirlwind Process can be characterized the stability of fire whirls. The 
ratios are worked out according to Table 2 and curves are drawn in Fig. 7. As shown in Fig. 7, fire whirls stability increases 
firstly and then decreases with the turning up of air-inlet width. Because the fire whirls in the air-inlet width of 40 cm is 
weak and its fire whirl characteristic is unobvious, its stability is abnormal. 
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Fig. 7. The time ratio that the stable stage of the fire whirls occupies in the fire whirlwind process. 
5. Conclusions 
In this paper, the influence law of the air-inlet width in fire scene on the combustion characteristics of fire whirls is 
studied by using the six free-setting horizontal openings fire whirl generator, relevant reasons of the influence are analyzed 
additionally. The conclusions are as follows.    
The temperature and intensity of fire whirls increase firstly and then decrease with the increase of air-inlet width. When 
the air-inlet width is 25 cm and 30 cm, the formed fire whirls intensity is highest. The forming time of fire whirls decreases 
first and then increases, while the lasting time increases first and then decreases. When the air-inlet width is 25 cm, the 
forming time of fire whirl is the shortest while the lasting time is the longest. 
The air-inlet width influences the structure and combustion characteristic of fire whirls. That is because the changes of 
air-inlet width influence the flow around flame. When the air-inlet is too small, the flow around flames cannot rotate. When 
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the area of air-inlet is too large, the flow velocity is too slow so that the formed fire whirls are weak and unstable. 
The evolution of fire whirls can be divided to four stages, which are Forming Stage, Developing Stage, Stable Stage and 
Decaying Stage. The time ratio that the Stable Stage of the fire whirls occupies in the fire whirlwind process can be 
characterized the stability of fire whirls. With the increase of air-inlet width, the fire whirls stability increases first and then 
decrease. When the air-inlet width is 25 cm, the stability is the highest. 
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